Genetically encoded optical tools have revolutionized modern biology by allowing detection and control of biological processes with exceptional spatiotemporal precision and sensitivity. Natural photoreceptors provide researchers with a vast source of molecular templates for engineering of fluorescent proteins, biosensors, and optogenetic tools. Here, we give a brief overview of natural photoreceptors and their mechanisms of action. We then discuss fluorescent proteins and biosensors developed from lightoxygen-voltage-sensing (LOV) domains and phytochromes, as well as their properties and applications. These fluorescent tools possess unique characteristics not achievable with green fluorescent protein-like probes, including near-infrared fluorescence, independence of oxygen, small size, and photosensitizer activity. We next provide an overview of available optogenetic tools of various origins, such as LOV and BLUF (blue-light-utilizing flavin adenine dinucleotide) domains, cryptochromes, and phytochromes, enabling control of versatile cellular processes. We analyze the principles of their function and practical requirements for use. We focus mainly on optical tools with demonstrated use beyond bacteria, with a specific emphasis on their applications in mammalian cells. 
INTRODUCTION
Recent progress in the development of genetically encoded molecules for life science optical technologies, such as fluorescent proteins (FPs), biosensors, and optogenetic tools (OTs), became possible with the use of natural photoreceptors as building blocks for protein engineering. These molecular tools provide new possibilities to image, detect, and control biological processes using light with exceptional spatiotemporal precision.
Natural photoreceptors play essential roles in many organisms, including plants, bacteria, fungi, and higher eukaryotes. To sense light, photoreceptors typically incorporate an exogenous cofactor molecule, called a chromophore, that absorbs light and transmits energy to a protein backbone. As a result of the photochemical transformations in a chromophore and the conformational changes in a protein backbone, receptor activation and signaling propagation occur. Many natural photoreceptors consist of an N-terminal photosensory unit and a coupled C-terminal effector domain, which frequently exhibit enzymatic activity, although there are receptors with N-terminal effector domains (1) (2) (3) . A photocycle in many photoreceptors is reversible.
Photoreceptors employed in the design of optical tools can be divided into several classes according to their chromophores and light-sensing protein domains (Figure 1) . The UV-and blue-light-sensing (∼300-500 nm) flavoproteins, such as receptors with light-oxygen-voltagesensing (LOV) domains; blue-light-utilizing flavin adenine dinucleotide (BLUF) domains; and cryptochromes incorporate flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) as a chromophore (4, 5) . Another class of photoreceptors, called xanthopsins, also sense UV and blue light. These proteins incorporate 4-hydroxy-cinnamic acid as a chromophore. Xanthopsins, however, have not been extensively used to engineer optical probes, because they do not incorporate the chromophore autocatalytically. Thus, they are not covered in this review. A versatile family of receptors, called opsins, sense blue, green, and red light and incorporate retinal as a chromophore. Far-red-and near-infrared (NIR)-light-sensing photoreceptors, called phytochromes, utilize various linear tetrapyrrole bilins as chromophores (Figure 1) . The first photoreceptors widely explored as OTs were microbial opsins, acting as light-gated cation channels and ion pumps. The use of opsins has already transformed research in neuroscience, where they have been applied to activate and silence specific cells with exceptional spatiotemporal precision. OTs derived from opsins have been extensively reviewed (6, 7) and are not discussed here.
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In this review, we focus on flavoproteins and phytochromes as sources for molecular optical tools. We discuss the main classes of these photoreceptors, their chromophore binding domains, and light-induced chromophore transformations. We then overview genetically encoded tools based on photoreceptors and strategies for their design. Next, we focus on the engineering of FPs and biosensors. We discuss strategies to convert photoreceptors into permanently fluorescent FPs as well as to modify natural photocycles to yield photoactivatable FPs. We also consider fluorescent biosensors designed from photoreceptors. We overview and compare the properties of available fluorescent probes and discuss their applications, advantages, and limitations. We also consider recently developed OTs based on photoreceptors. We discuss principles of action for the different tools and describe their applications. For both optical probes and OTs, we focus on the systems with demonstrated applicability in mammalian cells or eukaryotic organisms.
NATURAL PHOTORECEPTORS AND THEIR MECHANISMS OF ACTION
LOV domains were found in plant phototropins (Figure 1 ) as well as in other photoreceptors in plants, bacteria, algae, and fungi with kinase, phosphodiesterase, DNA binding, and other functions (2, 4) . They belong to the Per-Arnt-Sim (PAS) protein family. The small size (∼11-15 kDa) and presence of flavin chromophores in most, if not all, cell types are key advantages of these domains for the design of optical probes. Absorption of blue light by the FMN chromophore in LOV domains results in the formation of a thiol adduct between the C4a position of the isoalloxazine ring of FMN and conserved cysteine residue within the protein. In darkness, this reaction thermally goes in the reversible direction within 10 to 10 3 s. Signal propagation involves a side-chain rotation of the conserved flavin-interacting glutamine residue within the β-scaffold of the LOV core. Further signal transduction from the core to the C-or N-terminal extensions varies among LOV domains. In phototropins, signaling occurs through the undocking of a C-terminal Jα helix upon illumination.
BLUF domain-containing photoreceptors are important light sensors in bacteria and algae (8) . They bind FAD as a chromophore. In contrast to an LOV domain, no covalent bond formation is involved in a BLUF photocycle. The primary chromophore transformations, which are sensed by neighboring amino acids and lead to signal propagation, are changes in the hydrogen-bond environment in the chromophore excited state and, possibly, electron-transfer reactions (2) .
Cryptochromes (Figure 1 ) are found in all kingdoms of life (5). They regulate growth and development in plants and are involved in the regulation of the circadian clock in animals. Cryptochromes are closely related to photolyases and share a chromophore-binding photolyase homology region (PHR). In contrast to photolyases, cryptochromes incorporate only a single chromophore, FAD (9) . Light induces an intramolecular redox reaction, which involves the FAD molecule and conserved tryptophan amino acid residues in a protein backbone, and results in cryptochrome structural changes and signal transmission.
Phytochromes are widespread photoreceptors found in plants, bacteria, cyanobacteria, and fungi, playing essential roles in light-adaptive processes (3, 10) . They incorporate linear tetrapyrroles (bilins) as chromophores (Figure 1) degradation of a heme. In addition to phytochromes, two other groups of photoreceptors incorporate bilin chromophores: phycobiliproteins and cyanobacteriochromes (CBCRs).
Phycobiliproteins serve as antenna pigments involved in the photosynthetic apparatus of cyanobacteria and algae. These proteins are intensely fluorescent. However, their complex biochemical synthesis (cells need to produce an apoprotein, e.g., bilin reductases for chromophore synthesis and lyases for chromophore attachment) and large molecular mass (100-240 kDa) prevent their use as live cell probes.
Unlike phycobiliproteins, phytochromes and CBCRs incorporate bilin chromophores autocatalytically. Phytochromes share common domains in a photosensory core module (PCM), consisting of PAS, GAF (cGMP phosphodiesterase/adenylate cyclase/FhlA), and PHY (phytochrome-specific) domains. Bacterial and fungal phytochromes incorporate tetrapyrrole, called biliverdin IXα (BV), as a chromophore. In plants and cyanobacteria, BV is enzymatically reduced to phytochromobilin (P B) and phycocyanobilin (PCB), which bind to plant and cyanobacterial phytochromes, respectively. The chromophore is covalently attached via the C3 side chain of the tetrapyrrole A-ring to a conserved cysteine in the PAS or GAF domain. Photocycle includes reversible photoisomerization of the bilin chromophore around its 15/16 double bond (Figure 1 ). This causes rotation of a D-ring and conformational changes in the protein backbone, which are transferred to an effector domain. The effector domain is typically represented by a histidine kinase. However, other effectors such as domains that interact with DNA repressors (11) and diguanylate cyclase and phosphodiesterase domains, involved in second messenger signaling (12) , have been reported. CBCRs sense light in the entire visible spectrum owing to variations in the protein-bilin interactions, and their PCMs consist of several GAF domains. Interestingly, similar to CBCRs, phytochromes found recently in algae can sense blue, green, and orange light in addition to far-red and NIR light (13) . All bilin-binding proteins absorb at 380-420 nm (the so-called Soret band), in addition to the main absorption peak (Q-band) specific to each phytochrome. Absorption at the Soret band corresponds to a single pyrrole ring of the bilin chromophore.
Among phytochromes, a subclass of bacterial phytochrome photoreceptors (BphPs) deserves special attention because they incorporate BV (14) (15) (16) . BV has the most redshifted absorbance relative to other bilins (Figure 1) , which lie in an NIR transparency window of mammalian tissues (650-900 nm). In contrast to other tetrapyrroles found in phytochromes, BV is readily available in mammalian tissues. Typically, the ground (inactive) state of BphPs is Pr (15/16 double bond in BV in cis conformation), which converts to the active Pfr state (15/16 double bond in trans conformation) upon illumination with 660-680-nm light. The Pfr state returns to Pr by slow dark (thermal) relaxation or fast 740-760-nm light-induced photoconversion. A specific group of phytochromes, termed bathy, adopt Pfr as a ground state.
Crystallographic studies of PCMs of plant phytochrome PhyB from Arabidopsis thaliana (17) and BphP DrBphP from Deinococcus radiodurans (18) before and after illumination, as well as a structural analysis of bathy BphP RpBphP1 from Rhodopseudomonas palustris (11) , revealed a common mechanism for the conformational changes leading to phytochrome activation. Light-induced rotation of the chromophore D-ring causes rearrangement of hydrogen bonds in a chromophore binding pocket. As a result, the evolutionarily conserved part, called the tongue, of the PHY domain that extends to the bilin binding pocket and forms a distinctive hairpin structure undergoes refolding. In the Pr state, the main part of the tongue consists of two β-sheets, whereas in the Pfr state it converts into an α-helix. Changes in the tongue structure result in conformational changes to the effector domain that lead to enzyme activation or exposure of the sites interacting with the protein partners.
FLUORESCENT PROTEINS ENGINEERED FROM PHOTORECEPTORS
Photoreceptors as Templates for Engineering of Fluorescent Proteins
Green fluorescent protein (GFP) and related FPs have been widely applied in diverse areas of research (19). However, there are applications in which the performance of the GFP-like proteins is poor or no GFP-like FPs with required properties are available. The limitations of GFP-like proteins include (a) dependence of chromophore formation on molecular oxygen, (b) relatively large size (∼27 kDa), and (c) limitation of their absorbance and fluorescence to a visible part of the spectrum. Photoreceptors serve as templates to engineer FPs with properties, which cannot be developed in GFP-like FPs.
For the design of fluorescent probes, the nature of the chromophore is essential. It defines the range of wavelengths of absorbed and emitted light, the properties of the FPs, and the requirements for their applications. Eukaryotic cells naturally produce FMN and BV chromophores. If these chromophores bind to the engineered FPs efficiently, then applications of this FP require delivery of only a single gene encoding the FP, similar to GFP-like FPs. In other cases, chromophores should be exogenously supplied or additional genes for chromophore synthesis should be incorporated into the cells. The general strategy to design permanently fluorescent FP from photoreceptors is to block the photocycle to transform the energy of excitation light into fluorescence emission. However, some FPs retain their photoswitching properties for a new functionality.
Fluorescent Proteins Developed from LOV Domains
Two properties of LOV domains, their small size (∼10-15 kDa) and their independence of molecular oxygen, justified their use for FP engineering. To create a permanently fluorescent LOV-based FP, one can abolish its photocycle by mutating the key photoactive cysteine in the active site (20). Subsequent random mutagenesis allowed for the improvement of brightness and photostability (Figure 2a) .
Early LOV-based FPs (so-called FbFPs) were developed from bacterial blue-light photoreceptors Pseudomonas putida SB2 and Bacillus subtilis YtvA (Table 1) (21). Interestingly, both SB2 and truncated YtvA, consisting of an LOV domain only, are dimers, whereas full-length YtvA with a C-terminal effector domain is a monomer. Two FPs were obtained from YtvA, such as BsFbFP, which is the full-length YtvA/Cys26Ala, and EcFbFP, which is the YtvA/Cys26Ala truncated to the LOV domain. The fluorescent BS2/Cys53Ala mutant was termed PpFbFP. Engineered FbFPs were successfully applied as reporters in bacteria growing under normal and anaerobic conditions and in mammalian cells (21, 22) . Two other LOV domains were converted to LOV-based FPs via substitution of a conservative cysteine to alanine, thus yielding DsFbFP from Dinoroseobacter shibae and Pp1FbFP from Pseudomonas putida (23). However, similar to other bacterial LOV domains, these proteins are dimeric; they also do not possess characteristics superior to those of FbFPs.
iLOV is a photoreversible FP engineered from the LOV2 domain of the A. thaliana phot2 phototropin (Atphot2) (24). It was obtained by introducing a key cysteine-to-alanine substitution followed by gene shuffling using LOV domains of two phototropins, Atphot1 and Atphot2. In contrast to bacterial LOV-based FPs, iLOV is monomeric and localizes correctly in fusion constructs in plant cells. Owing to its small size, iLOV performed better than GFP as a reporter for viral movement in plants (24). Thus, iLOV is a good choice for applications in which steric constraints may impact protein translocation or if reduced genetic load in labeled virus is required (Table 1) (Figure 2b) . Engineering of FPs from photoreceptors and their advantages over GFP-like FPs. (a) Strategy for engineering of LOV domain-based FPs. The truncated LOV domain is subjected to molecular evolution to block FMN-cysteinyl adduct formation and improve brightness and chromophore incorporation. (b) LOV domain-based FPs are small (∼10-15 kDa) and do not require molecular oxygen for maturation. Thus, they can be utilized in applications as small fusion tags and as reporters in anaerobic conditions. In the presence of oxygen, LOV domain-based FPs generate reactive oxygen species (singlet oxygen) and, thus, can serve as photosensitizers for photodestruction of proteins and cells. (c) Strategy for engineering of permanently fluorescent and photoswitchable NIR FPs. To abolish photoswitching and obtain a permanently fluorescent FP, the phytochrome is truncated to chromophore-binding PAS and GAF domains. Directed molecular evolution allows one to improve the brightness, efficiency, and specificity of BV incorporation. For development of photoactivatable FPs, the PHY domain is not deleted to preserve photoswitchable properties. In molecular evolution, variants that do not photoswitch from fluorescent Pr form under weak illumination during imaging are selected. Original iLOV displayed low photostability and reversible photobleaching (spontaneous recovery with a half-time of ∼50 s). These characteristics likely reflect a reversible photochemical transformation of FMN under high light intensities, such as the formation of nonfluorescent neutral semiquinone species. Structural studies combined with directed molecular evolution allowed researchers to engineer a photostable derivative of iLOV, termed phiLOV 2.1 (25).
Domains
A different property of FMN-containing LOV domains became crucial for the design and application of LOV-based FP, termed miniSOG (mini singlet oxygen generator) (26 (26) utilized the known fact that FMN efficiently generates singlet oxygen species (Figure 2b) . If FMN retains the ability to generate reactive oxygen species (ROS) within a protein, such proteins can direct the ROS generator to a specific location in a cell. To obtain miniSOG, libraries of mutants obtained using LOV2 domains of Atphot2 were screened for efficient photodestruction of a fused BphP-derived IFP1.4 protein. Interestingly, recent studies demonstrated that a quantum yield of singlet oxygen production by miniSOG is relatively low (0.03) compared with that of free FMN (0.51) (27) . However, prolonged irradiation increases quantum yield significantly, probably via photoinduced FMN transformations in a protein. Overall, miniSOG shares four key amino acid substitutions with iLOV, including a mutation of a key cysteine to glycine. An additional mutation N390S is shared with phyLOV2.1, which may provide FMN stabilization and is responsible for improved photostability (25). Monomeric miniSOG was tested for correct localization in various fusions in mammalian cells. MiniSOG allowed for correlative light and electron microscopy applications, including imaging of synaptic cell adhesion molecules in mouse brain tissues (26) . In fixed tissue, generated singlet oxygen locally polymerizes added diaminobenzene into a precipitate, which can be stained with osmium and imaged at a resolution of tens of nanometers.
An ability to generate ROS turns an FP into an OT, such as a photosensitizer. When fused to a protein, miniSOG induces chromophore-assisted light inactivation that inactivates a protein molecule (28) or kills a whole cell when targeted to mitochondria (29) or plasma membrane or fused with the DNA-binding protein H2B (30) . Although miniSOG is functional in cultures of tumor cells and in transparent animals such as Caenorhabditis elegans, no substantial photodamage was observed in a tumor xenograft expressing miniSOG in mice (30) . This can result from the low penetration of blue light in mammalian tissues and reduced levels of FMN in tumors. The photosensitizer properties of miniSOG are likely not unique and are possibly exhibited by other LOV-based FPs.
LOV-based FPs with an unblocked photocycle have also been explored. Wild-type YtvA has a weak fluorescence and can be photoswitched between the fluorescent and dark states using continuously running, weak 405-nm activation and 488-nm readout lasers. This property was utilized in imaging of Escherichia coli with super-resolution photoactivated localization microscopy (31).
Fluorescent Proteins Engineered from Phytochromes
The main advantage of using phytochromes as templates for FPs is that they can be engineered into redshifted FPs for noninvasive imaging and readout in animals. BphPs, in particular, incorporate the most redshifted BV chromophore and have become a widely explored source for the design of NIR FPs (Figure 2) . BV is ubiquitous in mammalian tissues, in contrast to PCB and P B. In the NIR transparency window, mammalian tissue is most transparent to light because the combined absorbance of hemoglobin, melanin, and water is minimal (32) .
To engineer FP from a phytochrome, its photoswitching should be blocked by stabilizing the Pr state and disrupting a hydrogen-bond network between the chromophore and the protein backbone, leading to nonradiative dissipation of energy (33, 34) . This can be achieved by preventing light-induced chromophore isomerization or by incorporating heterologous chromophores, which cannot isomerize. The latter approach was demonstrated by substituting PCB with phycoerythrobilin (PEB), which has saturated bonds between the C-and D-rings (35) . As a result, FPs with quantum yield of up to 0.72 from the cyanobacterial phytochrome Cph1 and 0.55 for CBCRs were obtained. However, these FPs fluoresce in the orange part of the spectrum and require a PEB supply.
In phytochromes, the PAS and GAF domains are minimally required to covalently attach a bilin chromophore, whereas the PHY domain participates in chromophore photoconversion and signal transduction (36) . Thus, the PAS and GAF domains serve as templates for permanently fluorescent NIR FPs, whereas the PAS, GAF, and PHY domains are required to engineer photoswitchable NIR FPs (Figure 2c) . Natural phytochromes are dimers with the α-helices of the GAF and PHY domains forming a dimeric interface (33) . FPs engineered from BphPs can be monomerized by disrupting this interface. However, for the purposes of labeling whole cells and organelles, monomerization is not required.
Early studies revealed amino acid substitutions that render phytochromes fluorescent (37) . A single mutation in the GAF domain, Y176H, was sufficient to make the PCMs of Cph1 (37) and plant phytochrome AtPhyB (38) fluorescent. A combination of a similar mutation, Y263F, and a mutation in the conserved PASDIP amino acid motif, D207H, yielded an FP called Wi-Phy from the monomerized PAS and GAF domains of DrBphP (33) .
The first BphP-derived FP with demonstrated use in mammalian cells and in mouse liver is IFP1.4 ( Table 1 ) (39) . It was engineered from the PAS and GAF domains of DrBphP by introducing a D207H mutation and mutagenesis of residues near the D-ring to prevent nonradiative energy dissipation. In in vitro assays, IFP1.4 is monomeric; however, its intracellular localization in critical fusions was not tested. Other limitations of IFP1.4 include its dependence on the supply of exogenous BV and low effective brightness in mammalian cells.
An improved version of IFP1.4, IFP2.0, also requires the BV supply (40) . However, in the excess of BV, its brightness increases severalfold. IFP2.0 was utilized to label cells engineered to coexpress a heme oxygenase, HO-1, for intracellular production of BV. The IFP1.4 mutagenesis, which led to IFP2.0, also resulted in its dimerization and in the formation of protein species in the IFP2.0 population having blueshifted excitation and emission. IFP2.0 plus the HO-1 system has allowed researchers to noninvasively image neurons in Drosophila larvae and brain tumors in mice. HO-1 coexpression mitigated variations in the BV level in different cell types and provides its large excess for efficient incorporation in BphP-based FPs. However, this approach may affect cell metabolism and proliferation because heme oxygenase is a stress response enzyme.
As the field of engineering NIR FPs has developed, it has become clear that in addition to molecular brightness (a product of extinction coefficient and quantum yield) and photostability, effective cellular brightness should be considered ( Table 1) . Cellular brightness of BphP-derived FPs depends on molecular brightness, intracellular folding and stability, affinity and specificity to the BV chromophore, intracellular BV concentration, and protein expression level. Low efficiency and specificity of BV binding substantially decrease cellular fluorescence. Other heme-related compounds such as protoporphyrin IX may compete for binding to the BphP apoprotein (41) .
The first NIR FP specifically optimized for high brightness in mammalian cells without exogenous BV was iRFP (later renamed iRFP713) (42) . iRFP713 was engineered from the PAS and GAF domains of RpBphP2. Efficient and specific binding of BV in iRFP713 was the result of extensive screening of mutants for fluorescence in mammalian cells. High efficiency of BV incorporation allowed the use of iRFP713 simply by transfecting a single gene into cells.
Subsequently, four spectrally distinct NIR FPs, iRFP670, iRFP682, iRFP702, and iRFP720, which have properties similar to those of iRFP713, were engineered (43). iRFPs were developed from the PAS and GAF domains of RpBphP2 and RpBphP6 by applying molecular evolution directed toward spectral shifts. Similar to iRFP713, these proteins are dimers. Spectrally distinct iRFPs enabled labeling of two and more mammalian tissues for tracking cell populations noninvasively in an animal (Figure 2d ). Although iRFPs do not require exogenous BV to fluoresce in many eukaryotic cells and organs of mammals, its supply may be helpful for cell types with very low endogenous BV levels. Another situation when iRFPs may work inefficiently is when they do not PPI: protein-protein interaction tolerate fusions with particular proteins. iRFPs are advantageous for in vivo imaging (Figure 2d ). This has been demonstrated in direct comparison with far-red GFP-like FPs (43). NIR FPs, including iRFPs, have already been applied to a variety of applications in neuroscience, stem cell biology, developmental biology, and cancer research (44-46). High extinction coefficients enabled their use beyond fluorescence imaging as deep-tissue probes for photoacoustic tomography (47).
Engineering of phytochrome-derived FPs, which undergo a reversible photoswitching between two states, has also been explored. This resulted in an FP developed from the GAF3 domain of a PCB-binding CBCR, which was called RGS and photoconverted between green and red states (48).
Two photoactivatable NIR FPs based on a PCM of AtBphP from Agrobacterium tumefaciens C58 have been engineered (49). Rational and random mutagenesis was applied to stabilize the Pr state and enhance its fluorescence in AtBphP-derived variants with Pfr-Pr photoconversion. Two obtained proteins, PAiRFP1 and PAiRFP2, can be photoactivated by a wide range of farred and NIR light with larger power (>2 mW/cm 2 at 650 nm) than is used for in vivo imaging (∼6 μW/cm 2 at 650 nm). In PAiRFPs, the Pr-Pfr photoconversion is disabled, whereas the kinetics of dark reversion from the Pr state back to the Pfr state is considerably extended ( Table 1 ). An important application of PAiRFPs is deep-tissue in vivo imaging under highly autofluorescent conditions. The high signal-to-background ratio is achieved by subtracting the images made before and after photoactivation. PAiRFPs can also be applied for photolabeling and short-term noninvasive tracking in animals.
FLUORESCENT SENSORS BASED ON PHOTORECEPTORS Biosensors Derived from LOV Domains
Genetically encoded biosensors and reporters based on GFP-like FPs have enabled researchers to monitor changes in the intracellular environment, such as variations in concentrations of different ions and cellular metabolites, protein-protein interactions (PPIs), and enzymatic activities (19). Specific properties of FPs developed from photoreceptors can be utilized to engineer sensors with unique characteristics that are inaccessible with GFP-like reporters. Independence of fluorescence of LOV-based FPs on molecular oxygen was utilized to design the first genetically encoded FPbased biosensor for oxygen (FluBO) (50). FluBO is a FRET (Förster resonance energy transfer) sensor consisting of cyan fluorescent hypoxia-tolerant EcFbFP as a donor and oxygen-sensitive yellow fluorescent protein (YFP) as an acceptor (Figure 3a) . In aerobic conditions, both proteins form chromophores and efficient FRET occurs. In the absence of oxygen, the YFP chromophore does not mature and FRET coupling is lost. FluBO performance was validated in bacteria. However, because oxygen-dependent chromophore formation is irreversible, FRET changes reflect not only the decrease of oxygen concentration but also the stability of the reporter and its intracellular turnover. The response kinetics to increasing oxygen concentrations depended on the time needed for reporter synthesis and YFP chromophore formation. It remains to be tested if a FluBO performance can be improved by fusing the weak degradation motif for its fast turnover.
Reporters Engineered from Phytochromes
NIR fluorescence of BphP-derived FPs justifies their choice as templates for biosensors and reporters for in vivo studies. Specific properties of a bound BV chromophore can also be utilized. There are two types of BphP-derived reporters: IFP1.4 as a sensor for ions and reporters for PPI based on a bimolecular fluorescence complementation ( Table 2) . (Figure 3b) . A natural linker between these domains is a preferable location for polypeptide breakage. However, a figure-eight knot between an N-terminal extension of the PAS domain and a loop of the GAF domain in BphPs may affect complementation efficiency and reversibility.
The first NIR PPI reporter, named iSplit, was engineered from the PAS and GAF domains of iRFP713 (52) . To develop a bright reporter with a high complementation contrast (up to 50-fold), the GAF domain was subjected to directed molecular evolution. Similar to iRFP713, reconstituted iSplit efficiently incorporated endogenous BV and did not require its exogenous supply. iSplit was utilized as a PPI reporter in cultured mammalian cells and in tumors in mice. Although the reporter is irreversible, detection of repetitive binding events was possible because iSplit intracellular stability is lower than that of iRFP713.
Another split BphP-based reporter, IFP PCA (infrared fluorescent protein-protein fragment complementation assay), was derived from IFP1.4 (53) . Similar to iSplit, two parts of IFP PCA included the PAS and GAF domains. IFP PCA was 10-fold less bright than iSplit and required a supply of the large excess of exogenous BV. It also suffered from low contrast in mammalian cells. However, unlike iSplit and complementation systems developed on GFP-like FPs, IFP PCA is reversible. The reconstituted fluorescent reporter unfolded upon dissociation of interacting protein partners with kinetics similar to that observed in other studies of the same PPIs. Reversibility has allowed spatiotemporal localization of PPIs in yeast and mammalian cells.
The apparent reversibility of IFP PCA raises a question about its origin. A figure-eight knot between the PAS and GAF domains should prevent dissociation of split fragments. Also, BV in a chromophore binding pocket of the GAF domain is covalently linked to the cysteine at the N terminus of PAS domain. It was demonstrated that covalently bound BV tightens the knot and prevents renaturation of unfolded protein (54) . A possible explanation for IFP PCA reversibility is the presence of a substantial fraction of reconstituted IFP1.4 with noncovalently incorporated BV. Another possibility is that the reversibility is caused by the fast intracellular degradation and turnover of the reporter.
OPTOGENETIC TOOLS DERIVED FROM PHOTORECEPTORS Design Principles and Practical Requirements for Optogenetic Tools
Owing to the natural ability of photoreceptors to sense light by the PCM and convert it into a meaningful intracellular signal in the effector domain, they have been widely used as templates for the engineering of OTs. OTs have been created using several approaches to trigger biological responses. These approaches include activation of desired intracellular processes by photoinduced deactivation of steric inhibition; activation of the synthesis of second messengers; and induction of PPIs such as homodimerization, oligomerization, or heterodimerization (Figure 4) . 
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Successful application of OTs depends on several of their characteristics. OTs must be readily expressible in the target organism or tissue and have the correct folding and localization. To achieve the desired level of expression, the use of appropriate promoters may be necessary. The sizes of fusion OTs expressed are also important to consider. The smaller size of the PCM allows for fusion of the larger effector part without affecting intracellular localization and functionality of the fusion. Another important property is the ability to specifically and efficiently utilize the endogenous chromophore and to incorporate it autocatalytically. Ideally, OTs should be orthogonal, meaning they should minimally interfere with the endogenous metabolism. Other essential requirements for OTs are low background activity, fast kinetics of activation, large dynamic range, high sensitivity to activation light, and the ability to undergo a large number of activation-deactivation cycles. Moreover, a narrow spectral range of light sensitivity is highly desirable for an OT to be coexpressed with additional tools or FPs with spectrally distinct properties. The possibility of switching an OT off using light, or at least its fast thermal relaxation back to the ground state, provides an advantage for precise spatiotemporal control.
The ultimate goal of applying OTs in living animals imposes additional requirements, such as low cytotoxicity and a sufficient level of expression that does not interfere with normal physiological functions. Low phototoxicity of activation light is essential, too. The latter requirement limits applications of OTs, which utilize blue light for activation. OTs for in vivo applications should be controlled by NIR light, which penetrates deeply in mammalian tissues, allowing for noninvasive control of physiological processes in the desired organs of model animals.
Optogenetic Constructs Designed from LOV Domains
Among photoreceptors, small and well-studied LOV domains are most widely utilized as templates to engineer OTs. The two main strategies for designing OTs differ in their mechanisms. The first strategy is based on a structural change in a single LOV domain, resulting in the uncaging of an active protein interface (Figure 4a) . For this purpose, a monomeric asLOV2 domain derived from phototropin 1 of Avena sativa (Asphot1) is frequently used. Illumination with blue light leads to unwinding of the docked (caged) Jα helix and exposure of the fused C-terminal peptide epitope or protein interface, thus making them available for enzymatic activity or PPI. In wild-type LOV domains, equilibrium is found between docked and undocked conformations in both dark and light states. Site-directed mutagenesis of an interaction interface between the Jα helix and LOV core can affect this equilibrium and substantially decreases undesirable Jα helix uncaging in the dark state, consequently increasing the dynamic range (55-57). Knowledge-based structure modifications can also enhance the light sensitivities of OTs (55, 58, 59) .
The second strategy to develop LOV-derived OTs is based on light-induced homodimerization or heterodimerization of photoreceptors containing LOV domains (Figure 4c,d) . The homodimerization approach utilizes one of the smallest LOV domain-containing proteins, called Vivid (VVD) from Neurospora crassa. Compared with asLOV2, VVD lacks the C-terminal Jα helix but has an N-terminal helix (Ncap) that is docked on the core in the dark state. In contrast to other LOV domains, VVD binds FAD chromophore. Illumination leads to the dissociation of Ncap from the VVD core and interaction with Ncap of another VVD, resulting in a VVD dimer (60, 61) . The heterodimerization approach employs an interaction between the LOV-containing flavin-binding kelch repeat F-box 1 (FKF1) protein with its natural partner, GIGANTEA (GI). Illumination induces FMN to bind with FKF1, which allows FKF1 to interact with GI. The cysteinyl-flavin bond is subsequently hydrolyzed, returning the LOV domain to its dark state and causing dissociation of the FKF1-GI heterodimer (62).
The first LOV-based OT was engineered using a caging strategy (Figure 4a) . The engineered fusion between asLOV2 and small GTPase Rac1 effectively controlled the actin-based cellular contractility and movement of mammalian cells (63) . In the caging principle implemented in the tool, Rac1 effector binding was sterically blocked by fusing an asLOV2 domain to the N terminus of Rac1. Illumination with 458-nm light caused Jα helix unfolding and dissociation of the asLOV2 core from Rac1, and this change in the tertiary structure of the fusion removed the inhibition (Figure 5a) . The system possessed full reversibility in darkness. The similar effective caging of the enzyme and inhibition of activity were also shown for caspase-7 (64) . The truncated catalytic domain of caspase-7 was fused to the C terminus of the Jα helix of asLOV2. Blue-light stimulation of the fusion resulted in apoptosis.
Application of the steric inhibition approach was expanded to caging of small effector peptide epitopes on the core of asLOV2. A vinculin-binding peptide, ipaA, was caged on the asLOV2 core by enhancing the Jα helix-peptide interaction interface with the core via point mutations (65). Then the LOV2-ipaA fusion was applied to the transcription activation of a gene under control of the Gal4 promoter. A similar approach resulted in a LovTAP OT that allowed blue-light control of the interaction of the tryptophan repressor (TrpR) with DNA (56) . For this, the tryptophan repressor TrpR should form an active dimer. Strickland et al. (56) caged 11 N-terminal residues of TrpR, important for the formation of the dimer, with the Jα helix of asLOV2 such that TrpR dimerization was sterically blocked. Illumination with 470-nm light caused Jα unwinding and formation of TrpR dimers able to bind their cognate DNA sequence.
Further development of the caging strategy led to the creation of an OT based on an interaction between the asLOV2 and ePDZ domains, called tunable light-induced dimerization tags (TULIPs) (66) . Strickland and colleagues (66) fused a peptide epitope, which is recognized by ePDZ, to the C terminus of the Jα helix and applied site-directed mutagenesis to cage the resulting chimeric helix on the asLOV2 core. Illumination with 473-nm light led to the recruitment of ePDZ to membrane-anchored asLOV2, as demonstrated in mammalian and yeast cells. This approach was applied to arrest the cell cycle by initiating a MAPK cascade and to Cdc42-mediated control of cell polarity (Figure 5b) .
Light control of PPIs can be implemented through the homodimerization strategy (Figure 4d ). This approach was used to develop a so-called LightON system based on VVD, which homodimerizes in blue light (67) . VVD was fused with the Gal4 DNA-binding domain and the p65 transcription activation domain. After using mutagenesis to reduce the VVD dark-state background dimerization, the LightON system was applied to regulate transgene expression. A 200-fold increase in expression of mCherry from the galactose-responsive promoter was observed after stimulation with 460-nm light. Dark relaxation to the not-activated state occurred with a half-time of 2 h. Light-driven expression was controlled by the number and length of the blue-light pulses. LightON was also applied to express Cre recombinase and insulin in mice. Advantages of the LightON system are that it is small in size, has high sensitivity to light, and has a large dynamic range.
The homodimerization strategy was also used to design OTs for gene expression based on the LOV domain-containing photoreceptor EL222 from Erythrobacter litoralis (68) . EL222 consists of an LOV domain and an HTH (helix-turn-helix) domain. Blue-light illumination leads to dissociation of the HTH domain, caged in darkness on the EL222 photosensory core, and subsequent EL222 dimerization through the LOV and HTH interfaces (69) . To activate transcription in mammalian cells, a VP16 activation domain was fused to the N terminus of EL222. This OT produced up to a 100-fold increase in luciferase expression in cells and provided mCherry expression in zebrafish embryos. In comparison with the LightON system, the EL222-based construct has more rapid activation (10 s) and deactivation (50 s) kinetics and a linear response to light.
However, both systems have specificity to only a single cognate DNA sequence. Recently, seven various LOV domains were compared as templates for engineering light-activated FGFR (fibroblast growth factor receptor). Grusch et al. (70) found that the LOV domain of aureochrome 1 from Vaucheria frigida was the most effective for blue-light-driven homodimerization of the FGFR intracellular domain.
The heterodimerization strategy (Figure 4c ) was applied to develop a blue-light-responsive tool based on an inducible interaction between FKF1 and GI from A. thaliana (71) . Yazawa and colleagues (71) fused FKF1 with the cytoplasmic variant of GTPase-null Rac1 and anchored GI to the plasma membrane via the CAAX targeting peptide. Illumination with 450-nm light caused relocalization of the FKF1-Rac1 fusion to the plasma membrane and subsequent lamellipodia formation with micrometer spatial precision (Figure 5c) . The GI and FKF1 interaction was also utilized to develop the LAD (light-activated dimerization) system, in which GI and FKF1 were fused with the Gal4 DNA-binding and VP16 transcription activation domains, respectively (Figure 5d ). Blue-light stimulation of cells expressing LAD resulted in a fivefold increase of the transcription level from the galactose-responsive promoter. An alternative transcription activation OT, based on the GI and FKF1 interaction, utilized a zinc-finger protein (ZFP) instead of the Gal4 DNA-binding domain (72) . This system, called LITEZ (light-inducible transcription using engineered zinc-finger proteins) provided a 53-fold increase in reporter gene transcription in mammalian cells after illumination with 450-nm light. The reporter gene was controlled by minimal promoter with nine repeats upstream of the ZFPbinding motif (Figure 5d ). The system was tunable using both light intensity and the number of ZFP motif repeats, and it was fully reversible to the basal level after 24 h in darkness. A notable drawback of the LAD and LITEZ constructs is the larger size of the involved proteins as compared with those used with VVD tools. The major characteristics of the OTs based on LOV domains and a comparison between them are summarized in Table 3 .
Optogenetic Tools Engineered from BLUF Domains and Cryptochromes
Similarly to LOV domain-containing photoreceptors, BLUF domains and cryptochromes sense light in the blue region of the spectrum. However, to do so, they utilize the FAD chromophore exclusively. A typical mechanism of action of BLUF-based OTs is light-induced BLUF structure changes, resulting in activation of the inhibited in a dark-state enzymatic activity (Figure 4b) . The first system to utilize this approach, called euPAC, was composed of two α-subunits (PACα) or two β-subunits (PACβ) of photoactivated adenylyl cyclase from Euglena gracilis (73) . Each subunit harbors two BLUF-type photoreceptor domains and two catalytic domains. In darkness, the cAMP level in Xenopus oocytes injected with euPACα mRNA was already 20-fold higher than in noninjected oocytes, revealing substantial leakage of the euPAC system. Illumination with blue light resulted in a 10-fold cAMP increase over nonilluminated injected oocytes. (Gal4) and FKF1 is fused to the transcription activation domain (TAD). In the lit state, GI interacts with FKF1, and transcription activation by TAD occurs from the minimal promoter (P min ). (e) A protein of interest (POI) can be recruited to the plasma membrane by fusing it to cryptochrome 2 (CRY2), which interacts with its membrane-anchored partner CIB1 [CRY-interacting bHLH1 (helix-loop-helix 1)] upon illumination. ( f ) After illumination, reconstitution of split Cre recombinase occurs when the N-terminal part of Cre is fused to CRY2 and the C-terminal part of Cre is fused to CIB1. Reconstituted Cre removes the terminator region (STOP) flanked by loxP sites and activates reporter gene transcription from the constitutive promoter (P const ). ( g) Cell morphology can be controlled by light-induced clustering of Vav2, a guanine nucleotide exchange factor that activates Rho small GTPases. In the dark state, the Vav2-CRY2 fusion is localized near the plasma membrane and induces protrusion formation. In the lit state, CRY2 interacts with CIB1 fused with the multimeric protein (MP), and formation of large clusters occurs, thus inhibiting Vav2 in clusters and causing retraction of the plasma membrane. The term hv designates the activation light. light led to behavioral changes related to the cAMP cellular level. These alterations were fully reversible after turning the light off. Later, such drawbacks of the euPAC system, such as large size of the involved proteins and high background, were overcome by utilizing adenylyl cyclase from Beggiatoa proteobacteria. Called bPAC (74) , this tool contained only a single BLUF domain and a single catalytic domain, which resulted in its substantially smaller size (40 kDa instead of 110 kDa of euPAC). Injection of bPAC's mRNA into Xenopus oocytes followed by stimulation with 455-nm light caused a 300-fold increase of the cAMP level. bPAC coexpressed with cAMPdependent ion channels in Drosophila neurons showed light-inducible behavioral changes in flies. bPAC was activated more slowly and inactivated much more slowly than was euPAC. Owing to the long lifetime of the bPAC active state, its half-saturating light intensity is low, and bPAC requires ∼1,000-fold-lower light intensity than euPAC to achieve the same cAMP level. The bPAC system demonstrates effective regulation of cellular processes by a natural photoreceptor. Further development of this system resulted in the design of the photoactivated guanylyl cyclase BlgC (75) . Cryptochromes, similarly to BLUF domains, incorporate the FAD chromophore. Many OTs are based on A. thaliana cryptochrome 2 (CRY2). This protein undergoes a blue-light-induced homo-oligomerization, which may lead to activation of a protein of interest fused to CRY2 (Figure 4d ). CRY2 also participates in light-stimulated heterodimerization with its natural partner CIB1 (CRY-interacting bHLH1). In this approach, it is possible to regulate PPIs by controlling their subcellular localization (Figure 4c) .
Recently, an OT based on CRY2 homo-oligomerization was developed to control gene expression and cell morphology (76) . The N-terminal PHR domain of CRY2 was fused with the C-terminal domain of LRP6 (LRP6c), which activates a β-catenin pathway when dimerized. Stimulation of CRY2-LRP6c transfected cells carrying a β-catenin-responsive luciferase reporter with 488-nm light increased the level of β-catenin activity up to ∼200-fold. The homo-oligomerization approach was also applied for activation of RhoA. In this case, illumination of mammalian cells carrying CRY2-RhoA fusion caused its translocation from the cytoplasm to the membrane and was accompanied by cell spreading. Both processes were reversible on a minute timescale in darkness. In a similar approach, blue-light-dependent dimerization of CRY2 was utilized to active C-RAF, an upstream member of the RAF/MEK/ERK pathway (77) . Though both the homo-oligomerization of CRY2 and the hetero-oligomerization of CRY2-CIBN were studied (Figure 5e) , the former process showed more effective light activation.
CRY2 homo-oligomerization was also implicated in an opto-FGFR1 tool consisting of the cytoplasmic region of FGFR fused with CRY2 (78) . Typically, FGFR dimerization causes its cytoplasmic regions to trans-autophosphorylate multiple tyrosine residues, thereby providing docking sites for downstream pathway components. Therefore, the cytoplasmic region of FGFR was fused with the PHR domain of CRY2. Cotransfection of opto-FGFR1 and biosensors for distinct FGFR canonical pathways showed light-induced activation of PLCγ, MAPK, and PI3K pathways with spatiotemporal resolution. The activation was fine-tuned by the light frequency and duty cycle of photostimulation. Full reversibility of the system was observed 1 h after turning off the light for the ERK1 pathway. Opto-FGFR1 allowed light-induced regulation of cell polarity and migration of endothelial cells through the PI3K and PLCγ pathways. Cell morphology light control was also obtained using a heterodimerization approach, in which CRY2 fused with the inositol 5-phosphatase domain of OCRL (5-ptase OCRL ) interacts with membrane-anchored CIBN (79) . Illumination of cells resulted in the relocalization of CRY2-5-ptase OCRL to the plasma membrane, where it caused the rapid (within seconds) and reversible (within minutes) dephosphorylation of its targets.
Formation of large clusters was utilized to inhibit the protein of interest in an OT, LARIAT (light-activated reversible inhibition by assembled trap), in which CRY2 homo-oligomerization is coupled with its heterodimerization with CIB1 (80). Clustering was further enhanced by fusing CIB1 with the naturally oligomerizing C-terminal region of CaMKIIα, called the MP (multimeric protein) (Figure 5g) . Stimulation with 458-nm light of cells cotransfected with a fusion of CRY2 and Vav2, which is a guanine nucleotide exchange factor activating Rho small GTPases, and CIB1-MP led to trapping of CRY2-Vav2 in clusters followed by rapid retraction of lamellipodia, in which the activity of Rac1, a downstream target of Vav2, was partially attenuated. This approach was extended by fusing CRY2 with anti-GFP nanobody and tagged Rac1, Tiam1, Vav2, RhoG, and Cdc42 with GFP. In all cases, the GFP-tagged protein was inactivated in a light-dependent manner, thus controlling cell morphology. An advantage of the LARIAT system is that it potentially inhibits any GFP-tagged protein by surrounding it with a large cluster, whereas a significant drawback of this system is the extensive cluster formation that can cause cytotoxicity.
CRY2-CIB1 heterodimerization was also utilized to engineer light-inducible transcriptional effectors, called LITEs (81). The developed OT is based on DNA-binding domains from Xanthomonas sp., called TALEs (transcription activator-like effectors), which are customizable for binding to DNA sequences of interest. Use of the PHR domain of CRY2 fused with a TALE and the CIB1 partner fused with the transcription activator VP64 resulted in the upregulation of Neurog2 mRNA as early as 30 min after light stimulation. Application of the Grm2-targeted LITE construct in primary cortical neurons and in mouse brain resulted in seven-and twofold increases, respectively, in Grm2 mRNA levels. The histone acetylation level was also light modulated in Neuro2a cells and in primary neurons, thus demonstrating possible epigenetic applications of LITE OTs. Overall, the OTs developed from CRY2 have more versatile applications than do LOV domain systems ( Table 3) . Compared with FKF1-GI, the CRY2-CIB1 pair has a smaller size. Moreover, the use of CRY2 allows researchers to combine the homo-oligomerization of CRY2 molecules with the subsequent hetero-oligomerization with CIB1.
Optogenetic Constructs Derived from Phytochromes
One of the major advantages of phytochromes over other natural photoreceptors used to engineer OTs is their sensitivity to NIR light, which is nonphototoxic for live cells. Different BphPs and plant phytochromes have been explored to design OTs that are applicable to mammalian cells and eukaryotes. The first BphP-based OT applied in the eukaryotic organism was developed using BphG1 from Rhodobacter sphaeroides (82). Unlike most BphPs, noncanonical BphP BphG1 has the GGDEF and EAL C-terminal domains, which control the turnover of c-di-GMP in bacteria. To create a meaningful biochemical signal for eukaryotic cells, the PCM of BphG1 was fused with the adenylate cyclase domain from the Nostoc sp. CyaB1 protein, followed by additional mutagenesis of the fusion. The chimeric BphG-CyaB1 protein was called an infraredlight-activated adenylate cyclase (IlaC) (Figure 6a) . Activation of purified IlaC with 700-nm light resulted in a sixfold increase in cAMP levels. When expressed in cholinergic neurons of C. elegans, IlaC caused increased locomotion of the worms under NIR light, as the elevated intracellular cAMP upregulated acetylcholine release and led to subsequent activation of downstream muscle cells (83).
Another NIR OT, called a light-activated phosphodiesterase (LAPD), was designed on the basis of the canonical BphP DrBphP (84). The PCM of DrBphP (18) was fused with a catalytic domain of human phosphodiesterase 2A (85), which possesses cAMP-and cGMP-specific phosphodiesterase activities (Figure 6b) . Illumination of the purified LAPD with 690-nm light caused a sixfold increase in the cGMP hydrolysis rate and a fourfold increase in the cAMP hydrolysis rate. LAPD was applied to modulate the intracellular levels of cyclic nucleotides in mammalian cells and Light-induced heterodimerization can be used for transcription activation of the gene of interest (GOI) from the minimal promoter (P min ). PhyB is fused to the DNA-binding domain (DNABD), and PIF6 is fused to the transcription activation domain (TAD). Upon 660-nm light illumination, PhyB and PIF6 interact, and TAD activates transcription from the P min . Dissociation of the PhyB-PIF6 pair can be activated by 740-nm light, and the system can be reversibly toggled between the stable on (transcription is activated) and off (transcription is terminated) states. The asterisk indicates an activated state.
zebrafish embryos. A notable decrease of cGMP was observed in cultured cells and up to a 40% decrease of cAMP in zebrafish embryos upon illumination with NIR light of the low 1.1 mW/cm 2 intensity. Unlike OTs designed from BphPs, which utilize the enzyme activation approach (Figure 4b) , OTs developed from plant phytochromes exploit light-induced heterodimerization (Figure 4c) . The first OTs based on the plant phytochromes PhyA and PhyB from A. thaliana utilized a light-induced PPI with phytochrome-interacting factor 3 (PIF3). PIF3 is a basic helix-loop-helix protein, which interacts specifically with the Pfr form of both PhyA and PhyB (86, 87). This interaction was exploited to develop a light-switchable gene expression system based on the yeast two-hybrid concept. PIF3 was fused with an activation domain of Gal4 (GAD), and the full-length PhyA or PCM of PhyB was fused to a DNA-binding domain of Gal4 (GBD). NIR light supported the growth of yeast colonies cotransformed with PIF3-GAD and PhyA-GBD or PhyB-GBD on a selective medium containing the added PCB chromophore. PhyB-GBD and PIF3-GAD interactions activated by single pulses of NIR light gave a 1,000-fold increase in the β-galactosidase assay above background (88). The PhyB-PIF3 interaction was reversible, and dissociation could be activated with 748-nm light.
Optimization of the binding of phytochrome-interacting factor 6 (PIF6) to PhyB resulted in the development of an OT that allowed light-controllable recruitment of a protein of interest fused with PIF6 to PhyB anchored to the plasma membrane (Figure 6c) (89) . This interaction was reversible. Translocation could be induced with 650-nm light, which switches the Pr state into the Pfr state, and was terminated with 750-nm light. The fast forward and reverse kinetics of the PhyB-PIF6 interaction made possible the fine spatiotemporal control of activity of the Rho family GTPases fused with PIF6 in mammalian cells (89).
PhyB-PIF6 heterodimerization was also utilized to control gene expression in mammalian cells (90). For this, a concept of the split transcription factors was applied. The tetracycline repressor TetR was fused to the N-terminal half of PIF6, while PCM of PhyB was fused to the transactivation domain VP16. A reporter gene was placed under the control of a minimal human cytomegalovirus immediate early promoter fused to the upstream-located multiple repeats of the TetR-specific TetO operator (Figure 6d ). This OT allowed gene expression to be spatiotemporally turned on with 660 nm and off with 740 nm light in a reversible manner. The system was compatible with different mammalian cell lines, including human primary cells, and was applied to spatially control angiogenesis in chicken embryos. However, addition of the exogenous PCB chromophore was required. Table 3 presents a comparison between the OTs based on BphPs and plant phytochromes. In terms of future in vivo applications, the BphP-derived systems are advantageous over plant phytochromes because, similar to cryptochromes and the LOV and BLUF domains, they utilize the endogenous chromophore available in eukaryotic organisms. To overcome this limitation of plant phytochromes, engineering of mammalian cells to synthetize PCB has been suggested (91). Exhibiting the most redshifted absorbance over all chromophores (Figure 1) , BV provides an additional advantage for deep-tissue penetration and lower scattering of the NIR light used to operate the BphP OTs.
SUMMARY POINTS
1. The main advantages of FPs designed from LOV domains over GFP-like probes are their smaller size and functionality in anaerobic conditions. In the presence of oxygen, LOV-based FPs generate ROS and can be applied for correlative light and electron microscopy or for photoinactivation of proteins and whole cells.
2. NIR FPs and PPI reporters engineered from BphPs enable noninvasive whole-body imaging in mammals. BphP-based FPs differ in their efficiency and specificity for the BV chromophore. Whereas iRFPs rely solely on exogenous BV present in mammalian tissues, FPs with poor BV incorporation require its exogenous supply or coexpression of heme oxygenase for its additional intracellular synthesis. 
